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dimensionality of the Fermi surface
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With the use of an analytic approximation for the open Fermi surface of a system with highly

anisotropic two-dimensional dispersion, it is shown that the plasma frequency anisotropy is

linear in the bandwidth anisotropy. Comparison to the optical data on the Bechgahrd salts of
tetramethyltetraselenafulvalene [(TMTSF)&X] implies a substantial transverse bandwidth of 140

meV, a full order of magnitude larger than previously supposed, and consistent with predom-

inantly two-dimensional behavior. A critical discussion is presented of the model of, and sup-

porting evidence for, large quasi-one-dimensional (1D) superconducting fluctuations. It is

shown, using the above result, that there are several orders of magnitude discrepancy in the

temperature obtained for crossover from 3D to 1D behavior. In addition the chief experimental

results claimed as proof for fluctuations are susceptible to alternate interpretations.

The tetramethyltetraselenafulvalene [(TMTSF)qX]
series of organic compounts, ' hereafter called the
Bechgaard salts, continue to be of interest due to
their novel electronic' ' and magnetic ' properties,
particularly the proposed competition between super-
conductive" and spin-density wave' ' (SDW) insta-
bilities. Except in the case of X = C104 it has been
necessary to apply pressure in order to attain super-
conductivity. This fact has led to a dichotomy in the
field, with some work focused on the magnetic
ground state at ambient pressure and some on the
superconductivity. However, the possibility of coex-
istence of the two states'9 has gained increasing ac-
ceptance. ' " The high-field phase transition ob-
served by NMR'~ and transport "studies appears to
be related to this question. Most of the attention
thus far has been attracted by the claims of Jerome
and co-workers for quasi-one-dimensional (1D) su-
perconductive fluctuations at temperatures as high as
40 K."'"But the interpretations made in this con-
text suffer from major inconsistencies and are in

many cases directly contradicted by other experi-
ments ""

In this paper it is shown that there is an order of
magnitude larger transverse bandwidth in the
Bechgaard salts, 140 meV, than previously supposed,
consistent with predominantly 2D behavior. The
band parameters are obtained from a comparison of
the optical data' to the anisotropic plasma frequency
derived for an open, 2D Fermi surface. It is seen
that the simple analysis used by the authors of Ref.
18 in obtaining a small transverse bandwidth is inap-
propriate to the Bechgaard salts. The model of 1D
superconductive fluctuations" is reviewed and seen
to contain gross internal inconsistencies. In fact,
based on the presently derived bandwidth, there is no

region where fluctuation effects are significant. Fi-
nally, serious difficulties are seen to be associated
with the interpretations made of various experiments
in terms of the 1D model.

A proper derivation of the plasma frequency in-

volves application of Lindhard's general expression
for the dielectric function of an electron gas, and
therefore requires some knowledge of the Fermi sur-
face and electronic dispersion. We therefore begin by
obtaining a simply analytic approximation for the
open Fermi surface of a highly anisotropic 2D sys-
tem. Consider a system with strong coupling
(chains) along a and significant interchain coupling in

only one transverse direction, b. We use the fairly
general energy dispersion

E(k) =E,(k a) —2t cos(k b)

where t is the interchain tight-binding coupling in-

tegral, and the a-axis dispersion E, is left arbitrary.
This should be a reasonable representation for the
Bechgaard salts. ' For simplicity of calculation the
lattice is taken as orthorhombic, thus introducing er-
rors on the order of (1 —

~
a && b ~) in quantities relat-

ed to reciprocal space cross sections; this error is

about 5'k for the triclinic structure of the Bechgaard
salts. The a and b components of the wave vector k
can be described by the dimensionless variables
x =—k a and y

—= k b, respectively. The Fermi sur-
face, which becomes a pair of curves +xF(y) in this
2D system, is defined by (1) with E (k) equal to the
Fermi energy E~. It is assumed that the Fermi sur-
face is nearly flat, with xF deviating only a small
amount 8 from the t = 0 constant value xo, where

xo/n is the fractional band filling. Therefore, t must
be small on some scale to be found a posteriori. Ex-
panding E, on the Fermi surface in a Taylor series
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2t EF —Ep Ep'S=,cosy+, —2,, t'cos y
Ep El E/3 (3)

The condition for validity of this result is Ep ) 2t,
which should be satisfied sufficiently far from a band
edge. Integrating (3) yields E~ —Eo= Eo't /Eo, so

5=, cosy —,, t cos2y
2t Eo'

~

Ep Ep
(4)

Note that the shape of the Fermi surface depends on
the derivatives on the Fermi surface of E„rather
than directly on the bandwidth W, —a result of the
smallness of t.

Armed now with the simple approximation (4), it
is easy to calculate the anisotropic plasma frequency
a&~(q ), where q is the direction of light polarization.
From Lindhard's expression in the limits &o(q)» E(k + q) —E (k) and T =0,"

a)~(q) = d'k(q 'Vk)'E(k)
mk

where the integral is restricted to filled states. If one
were to assume a free-electron-like dispersion with

anisotropic masses m„and m„and electron density n,
one would immediately obtain

re~„=4me~n/m„, co~=4me~n/m~

as expected. However, a closed Fermi surface is im-

plicitly contained in an effective mass dispersion, no
matter how anisotropic, and the integral in (5) must
be extended over as many zones as necessary to in-

clude all the occupied states. This procedure is clear-

ly invalid for the open Fermi surface considered ap-

propriate to the Bechgaard salts; it will be seen that
serious errors are introducted by using (6) and identi-

fying m„and m~ with band masses.
We now proceed to evaluate (5) for a system

described by (1) and (4). Note that for our system.

t (~o+8)
(7)

C

where V, = abc is the volume of a unit cell.
Case (i), q =x. Using E, (x) =E,( x), —

2

~ dx E, (x) =2(EO+Eo'5+ ~EO" 8') . (8)
Bxz

about xp to second order in 5,

Ep = Eo+ Eo 5+Eo' 8 /2 —2t cosy

where EO=E, (xo), etc.
We wish to obtain an expression for 8 in terms of

t. Holding the band filling constant as t is turned on
requires j 5dy =0. Since 8 —t to highest order, in-

tegration of (2) implies E~=EO+O(t ). Solving (2)
for 5 via the quadratic formula and expanding to
second order in t,

Then, using (4) and (5),

2 2
I I I

co~=
~ Ep 1+8e a Eo

t'Vc Eo'

and

~' =(16e'b'r'/V, g'E')+O(i') . (10)

Note that co~~~ goes at t~, whereas applying (6) would
have it to go as t. Thus it is in co~ that the small cur-
vature of the Fermi surface is crucially important,
contributing an extra factor of t. The anisotropy is

(a~/~p„)'=2(bi/aEo)' .

The experimental values for the anisotropic plasma
frequency, co~ = 11400 cm ' and co~ = 2360 cm ',
were obtained by Tanner et al."from a Drude fit to
the raw data on (TMTSF) qPF6. From (10), using
a =7.3 A, we than have Eo =0.25 eV (corresponding
to an a-axis Fermi velocity of 2.8 x 10' cm/sec).
This result agrees remarkably well with the value
predicted by the extended Huckel band calculation of
Whangbo et al. ' We can therefore confidently use
our value for Eo in (11), with b =7.7 A, to obtain

WI, =4t =0.14 eV. Comparing this value to the
widely quoted 0.013 eV obtained' from an incorrect
analysis based on Eq. (6), the present estimate is a
full order of magnitude larger. This result will be
seen in the next section to be completely inconsistent
with the model of large 1D fluctuation effects.

A notable feature of Ref. 22 is that the Fermi sur-
face closes only for Wb )0.25 eV, and hence should
be open here. Models for the origin of the small
closed orbits observed through the Shubnikov —de
Haas effect are discussed elsewhere, '"where it is
shown that the anisotropy results derived here are
not significantly affected.

REVIEW OF 1D FLUCTUATIONS

A theoretical description of conductivity fluctua-
tions in 1D superconductors, and its application to
the Bechgaard salts, is given in a paper by Schulz
ei ai. '5 It is in the latter discussion (cf. Sec. 4 of Ref.
15) that problems arise. The most serious of these is
related to the degree of anisotropy as follows. A

to second order in t. The leading term in (9) is sim-

ply the result for a planar (ID) Fermi surface. '~ The
correction term due to curvature will be assumed to
be negligible in the discussion below. Note that co~„

is related not to the band mass (m') ' —Eo but to
the Fermi velocity fv~= aEp.

Case (ii), q =y".

82
E(xy) = 2tb'cosy
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parameter "8"is introduced and treated as adjust-
able in fitting the data, although it is noted that for-
mally B = 2m't'/0, where the transverse coupling t is

in degrees Kelvin; 0 is not defined in Ref. 17, but is
seen by inspection to be /I', /kr, where r is the trans-
port scattering time. Rather, the arbitrary value
8 =0.85 K is used in fitting the a-axis resistivity of
(TMTSF) 2PF6. Although it is not stated in Ref. 17,
the equations used in the fit are valid only for small
8 ( T„ the 3D ordering temperature, in which case
there is a crossover from 3D to 1D behavior at
T'= T, +8. In general, the crossover occurs when
the transverse coherence length g is comparable to b,
or T'In(T"/T, ) = B. Note that B is a measure of the
effective dimensionality: Fluctuations are only im-

portant for small 8. If 8 is large, 1D effects are not
important and the 3D fluctuations are corresponding-
ly reduced; indeed, the critical region is smallest for
large 8.

It will now be shown that any reasonable estimate
for 8 is grossly inconsistent with the fitting value
used by Schulz et al. Using 0=760 K obtained from
7 10 '" sec,"which is larger than the value 200 K
used as a fitting parameter in Ref. 17, will tend to
reduce 8 and hence favor 1D fluctuations. As noted
above, the authors of Ref. 17 do not calculate 8;
however, they imply elsewhere in their paper that
r =4 meV (46 K) is a reasonable estimate. One then
obtains 8 & 50 K, a value suggesting that 1D fluctua-
tion effects are not very important. The fit to fluc-
tuations is even worse if we use t = 400 K as found
in the present paper; then 8 —4000 K and T' —620
K. Not only are 1D effects never important, the 3D
fluctuation conductivity is down by 1000 from that
calculated in Ref. 17.

Another major discrepancy in Ref. 17 is the discus-
sion of the a-axis conductivity anisotropy by their Eq.
(4.3). This equation, presented without derivation, is

used to fit the reported decrease in anisotropy below
40 K. But the fact is, as their Eq. (3.9) shows, the
fluctuation anisotropy for T & T, will be larger than
the single-particle (normal) value.

The discussion above indicates that the 1D fluctua-
tion model cannot fit the measured conductivity of
the Bechgaard salts, even remotely. What of other
experimental evidence? The strongest claims for
fluctuations are made on the basis of a large ( —3

meV) gap observed by tunneling2 and far ir" mea-
surements, an apparent near-vanishing of tunnel
junction resistance at 12 K for (TMTSF) 2PF6 under
pressure, ' and heat-capacity measurements. ' These
experiments are considered in turn.

Both tunneling and far ir on the PF6 and C104 salts
show a gaplike structure (pseudogap) at several mil-

lielectronvolts. It suffices here to say that these ex-
periments have not shown the gap to be due to su-
perconductivity. Indeed, the coexistence of SDW's
and superconductivity mentioned in the introduc-

tion would imply that the large gap is primarily due
to SDW's '

In another tunneling experiment, ' the apparent
contact resistance was found to decrease from 6 to
0.2 0 below 30 K. This was interpreted as due to re-
gions of "stabilized" superconductive fluctuations
shorting the barrier. On the other hand, it is well

known that even four-probe resistance, when mea-
sured in junction structures, includes a contribution
from the electrodes. ' It ig also a fact that the resis-
tance of the Bechgaard salts falls most rapidly pre-
cisely in the above temperature region. This effect,
not addressed in Ref. 26, is the probable cause for
the observed resistance drop.

Measurements of the heat capacity of the C104 salt
near T, have been made and again interpreted in

terms of 1D fluctuations. " A sharp anomaly is seen
in zero magnetic field at T, —1.2 K, which is con-
sistent with a gap almost perfectly BCS in magnitude
(and inconsistent with fluctuations). But the authors
of Ref. 27 discount this as "fortuitous, " and draw
the backward conclusion that because B (see discus-
sion above) is small (in their estimation), the critical
region is "narrow" so somehow the pseudogap is not
seen! Data in a 63-kOe magnetic field are also
presented and discussed in Ref. 27. There are two
main points: (1) An apparent 70% enhancement of
the electronic term, and (2) a broad anomaly cen-
tered at 1.4 K below which the electronic contribution
is greatly decreased. Insufficient information was

supplied to test the possible effect of addenda and
lattice contributions on the supposed enhancement;
nor were data reported at temperatures sufficiently
removed from the anomaly to gauge its effect. The
anomaly is interpreted as signaling a transition from a

fluctuating superconductive state above 1.4 K to a
semimetallic SDW state below. In fact, the density of
states in the SDW phase should not be much
changed from the original band value, " so this inter-
pretation cannot be correct.

SUMMARY

It has been shown that a proper analysis for an

open 2D Fermi surface yields a plasma frequency an-

isotropy linear in the transverse bandwidth. Applying
this analysis to the optical data on (TMTSF)2PF6
yields Wb —140 meV, a value much larger than pre-
viously supposed. The a-axis plasma frequency has
been shown to be closely consistent with the band
structure of Whangbo et al. These results are con-
sistent with predominantly 2D behavior.

A review of the theoretical model for 1D supercon-
ducting fluctuations, as applied to the Bechgaard
salts, has shown gross inconsistencies: there is nearly
three orders of magnitude error in the 3D-to-1D
crossover temperature —with the proper value such
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that 1D effects are negligible; and the conductivity
anisotropy behavior actually predicted by the theory
is opposite to that observed. Major flaws in the in-
terpretation of various experiments purporting to
support this scheme have been discussed.
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